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Phosphorescent Oxygen-Sensitive ProbeFluctuating extracellular Ca2+ regulates many aspects of neuronal (patho)physiology including cell
metabolism and respiration. Using ﬂuorescence-based intracellular oxygen sensing technique, we
demonstrate that depletion of extracellular Ca2+ from 1.8 to ≤0.6 mM by chelation with EGTA induces a
marked spike in O2 consumption in differentiated PC12 cells. This respiratory response is associated with the
reduction in cytosolic and mitochondrial Ca2+, minor depolarization on the mitochondrial membrane,
moderate depolarization of plasma membrane, and no changes in NAD(P)H and ATP. The response is linked
to the inﬂux of extracellular Na+ and the subsequent activation of mitochondrial Na+/Ca2+ and Na+/H+
exchange. The mitochondrial Na+/Ca2+ exchanger (mNCX) activated by Na+ inﬂux reduces Ca2+ and
increases Na+ levels in the mitochondrial matrix. The excess of Na+ activates the mitochondrial Na+/H+
exchanger (NHE) increasing the outward pumping of protons, electron transport and O2 consumption.
Reduction in extracellular Na+ and inhibition of Na+ inﬂux through the receptor operated calcium channels
and plasmalemmal NHE reduce the respiratory response. Inhibition of the mNCX, L-type voltage gated Ca2+
channels or the release of Ca2+ from the endoplasmic reticulum also reduces the respiratory spike, indicating
that unimpaired intercompartmental Ca2+ exchange is critical for response development.niversity College Cork, Cava-
1 4901698.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
In brain tissue, Ca2+ uptake during sustained neurotransmission or
ischemia/reperfusion can lead to fast reduction in eCa2+ (indices e, i
and m deﬁne extracellular, intracellular and mitochondrial localiza-
tion, respectively) from millimolar to micromolar levels [1–3].
Profound decreases in eCa2+ induce transient depolarization of
plasma membrane, alter selectivity of Ca2+ channels [4] and increase
ion currents through Ca2+-sensing non-selective cation channels [5].
eCa2+ also functions as ﬁrst messenger triggering intracellular
signaling cascades. At least two receptors can convert ﬂuctuations in
eCa2+ into signals regulating cell metabolism: the non-selective cation
channel and the G-protein-coupled Ca2+-sensing receptor [5,6],
which is highly expressed in hypothalamus and corpus striatum and
associated with nerve terminals [7]. Activity-dependent depletion of
eCa2+ in synaptic contacts [8] can therefore be considered as a form ofsynaptic signaling in the brain [9]. During ischemic stroke and
excitotoxicity [1,10] pronounced decreases in eCa2+ are associated
with hypoxia-dependent metabolic and transcriptional responses
[11].
Neurotransmission is normally triggered by eCa2+ inﬂux, which
induces Ca2+ release from the ER [12]. On the other hand, eNa+ inﬂux
induced by eCa2+ depletion during sustained neuronal activity, such
as high-frequency bursts in hippocampal neurons, may also lead to
neurotransmitter release [13,14]. Several pathways have been
proposed for the eNa+ inﬂux during eCa2+ depletion [3], including
the selective Ca2+ channels [15] and the transient receptor potential
cation channel, TRPM7 [5,16]. In turn, elevated iNa+ activates the
mitochondrial Na+/Ca2+ exchanger, mNCX [17]. The resulting mNCX-
driven extrusion of Ca2+ from mitochondria evokes neurotransmis-
sion, which may occur even in the absence of eCa2+ [18]. Overall,
mitochondria provide neurons with energy, modulate neurotrans-
mission and shape iCa2+ transients upon cell stimulation [19,20],
whereas iCa2+ regulates both Krebs cycle and oxidative phosphory-
lation (OxPhos) [21–24]. Oxygen consumption rate is one of the key
parameters of bioenergetics and metabolic responses of neuronal
cells, however, the links between eCa2+ signaling and respiration are
not fully understood.
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oxygen levels (O2) within populations of adherent cells with
morphology and functionality close to their native state [25]. This
technique facilitates quantiﬁcation of local, intracellular O2 levels by
means of dedicated O2 sensing probe loaded into the cells by
facilitated transport and phosphorescence lifetime measurements
[26]. It also allows real-time monitoring of rapid changes in cellular
respiration upon stimulation. In this study, we describe a marked,
transient activation of respiration in differentiated PC12 and other
cells in response to the depletion of eCa2+ which was identiﬁed using
this technique. We also elaborate the mechanisms of this new
phenomenon using an extended panel of markers of cell metabolism
and ion ﬂuxes, and their pharmacological regulators. We conducted a
comprehensive study of these effects in PC12 cells derived from rat
adrenal pheochromocytoma, which represent a common model used
in neuronal research. Upon differentiation PC12 cells demonstrate
gene expression proﬁles, neurotransmitter production/release and
other features typical for neuronal cells [27,28], while both OxPhos
and glycolysis serve as potent sources of cellular ATP [26,29].2. Materials and methods
Endo-Porter was from Gene Tools, LLC (Philomath, OR).
Lipofectamine 2000, OptiMEM I, Fluo-4 AM, Fura Red AM, CoroNa
Green AM, MitoTracker Green FM (MTG), bis-(1,3-diethylthiobarbi-
turic acid) trimethine oxonol (DiSBAC2(3)), 3′-(p-aminophenyl)
ﬂuorescein (APF), dihydrorhodamine 123 (DHR) and tetramethyl
rhodamine methyl ester (TMRM) were from Invitrogen Life Technol-
ogies. Collagen IV, 2′,7′-Bis(2-carboxyethyl)-5(6)-carboxyﬂuorescein
(BCECF), carbonyl cyanide 4-(triﬂuoromethoxy) phenylhydrazone
(FCCP), valinomycin and nigericin were from Fluka. 4-Chloro-m-
cresol (CmC)—from Merck Biosciences. 1-[β-(3-(4-Methoxyphenyl)
propoxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride (SKF-
96365), 2-amino-ethoxybiphenyl borane (2-APB), 7-chloro-5-(2-
chlorophenyl)-1,5-dihydro-4,1-benzotiazepin-2(3H)-one (CGP37157),
5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) 2-amino-7-
phosphono-heptanoic acid (DL-AP7) were from Tocris (Bristol, UK),
plasma membrane potential indicator PMPI was from Molecular
Devices (Sunnyvale, CA). Plasticware was from Sarstedt (Ireland),
MatTek (Ashland, MA) and Greiner Bio One, (Frickenhausen,
Germany). 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), tetrodotoxin
(TTX), aconitine, ethylene glycol tetraacetic acid (EGTA), diazoxide,
5-hydroxydecanoic acid and other reagents were from Sigma-
Aldrich.
The membrane-targeted version of the GFP-based Case12 Ca2+
biosensor [30], memCase12, was produced by step-out PCR fusion with
neuromodulin N-terminal 20 amino acid sequence containing signal
for posttranslational palmitoylation of cysteins 3 and 4, which targets
Case12 to cell membrane [31]. Then DNA fragment encoding
memCase12 was swapped for TurboGFP within mammalian expression
vector pTurboGFP-N (Evrogen JSC, Russia). The mitochondria-
targeted version of Case12, mitoCase12, was generated by swapping
the HyPer sequence in HyPer-dMito vector (Evrogen JSC, Russia) for
Case12; double mitochondrial targeting sequence derived from
subunit VIII precursor of human cytochrome C oxidase [32,33] was
fused to Case12 N′-terminus. Speciﬁcity of mitoCase12 delivery to
mitochondria was conﬁrmed by 91±5% co-localization with TMRM
(Fig. S1). The pcDNA3.1/nv5-DEST plasmid encoding PGC-1α was a
gift from Dr. Bernard Alan (Genentech, USA), the plasmid encoding
the GFP-based mitochondrial pH sensor mtAlpHi [34] was kindly
provided by Prof. Tullio Pozzan (University of Padua, Italy). 0.5 M
EGTA stock solution was prepared by dissolving EGTA in 1 M NaOH.
Residual eCa2+ concentration after the addition of EGTA was
determined using the on-line EGTA calculator: http://brneurosci.
org/egta.html.2.1. Cell culture
Rat pheochromocytoma (PC12), human colon cancer (HCT116),
mouse embryonic ﬁbroblasts (MEF), human neuroblastoma SH-SY5Y,
human hepatocellular carcinoma (HepG2), human cervical carcinoma
(HeLa) and Chinese Hamster Ovarian (CHO) cells were obtained from
the European Collection of Cell Cultures. B-lymphoblasts immortal-
ized with Epstein Barr Virus (EBV) were a gift from Prof. Tommie
McCarthy (UCC, Cork). Unless speciﬁed otherwise, PC12 cells were
cultured in RPMI 1640 medium supplemented with 2 mM L-
glutamine, 10% horse serum (HS), 5% fetal bovine serum (FBS),
100 U/ml penicillin and 100 μg/ml streptomycin (P/S), at 5% CO2. The
cells were seeded at 5×104 cells/well, in 96-well transparent plates
(Sarstedt, Ireland), pre-coated with collagen IV and differentiated for
3–5 days in RPMI supplemented with 1% horse serum, P/S, and
100 ng/ml nerve growth factor (NGF). For live cell imaging, PC12 cell
were differentiated on glass bottom mini-dishes (MatTek, Ashland,
MA) coated with a mixture of collagen IV (0.007%) and poly-D-lysine
(0.003%). HepG2, MEF, HeLa and SH-SY5Y cells were cultured in
DMEM supplemented with 10% FBS, 2 mM L-glutamine and P/S, CHO
—in Ex-Cell CHO DHFR− medium supplemented with 4 mM L-
glutamine and 1 μM methotrexate, HCT116—in McCoy medium
supplemented with 10% FBS, 2 mM L-glutamine and P/S, B-lympho-
blasts—in RPMI (plus 10% FBS, 2 mM L-glutamine and P/S). For the iO2
assay HepG2, MEF, HeLa and CHO cells were seeded at 2–4×104 per
well, SH-SY5Y and HCT116 cells—at 8×104 per well, B-lymphoblasts—
at 1×105 per well. Collagen IV coated plates (0.001%) were used for
MEF, CHO and B-lymphoblasts. All cells were grown to 95–100%
conﬂuence prior to loading with O2-sensitive probe. All the experi-
ments with PC12 were conducted with differentiated cells.
2.2. Preparation of primary cerebellar granule neurons
Cerebellar granule neurons (CGN) were prepared as described
previously [35]. Cerebella from 7 day old Sprague–Dawley rats were
dissected, placed in 0.25 mg/ml trypsin and incubated at 37 °C for
20 min. Trypsinization was terminated by the addition of an equal
volume of 0.05 mg/ml soybean trypsin inhibitor, 3 mM MgSO4, and
30 U/ml DNase I. The neurons were then triturated, resuspended in
culture medium, plated on poly-L-lysine-coated glass dishes (Willco,
The Netherlands) (1 ml) or on 96 well plates (200 μl) at 1×106 cells/
ml andmaintained at 37 °C in a humidiﬁed atmosphere of 5% CO2/95%
air. Twenty-four hours later, 10 μM cytosine arabinoside was added to
inhibit the growth of non-neuronal cells. Neurons were maintained in
culture for 7 days prior to use. Animal experiments were reviewed
and approved by the Research Ethics Committee of the Royal College
of Surgeons in Ireland and performed under license from the
Department of Health & Children.
2.3. Loading of the cells with probes
For the iO2 assay, cells were loaded by incubating them for 28 h in
regular medium containing 1.2 μM MitoXpress O2 probe (Luxcel
Biosciences, Ireland) and 6 μM Endo-Porter, as described [26].
Transfection with memCase12, mitoCase12, mtAlpHi and PGC-1α
plasmids was carried out using Lipofectamine and OptiMEM Imedium
(Invitrogen), as per manufacturer procedure. Loading with ﬂuores-
cent sensors was performed in serum free DMEM as follows: 20 nM
TMRM, 25 nM MTG FM, 1 μM DiSBAC2(3), 2.5 Fluo-4 AM (4 μM when
co-staining with Fura Red), 10 μM Fura Red AM, 2.5 μMBCECF AM—all
for 30 min, 10 μM APF or DHR for 45 min, 3 μM CoroNa Green AM for
20 min. Deesteriﬁcation of all AM/FM probes was performed for
15 min prior to each experiment, except for CoroNa Green. Descrip-
tion of speciﬁcity of the probes is given in Section 3.
Primary CGN were loaded with 20 nM TMRM, 3 μM Fluo-4 AM or
PMPI (0.5 μl/ml stock) for 30 min at 37 °C and then measured in
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HEPES, 5 mM NaHCO3, 1.2 mM Na2SO4, 1.2 mM CaCl2, 1.2 mM MgCl2,
and 15 mM glucose, pH 7.4, as described [36].
In the majority of the experiments the probes were used
individually, although some were also used in combinations, when
their spectral, spatial and functional characteristics allowed simulta-
neous loading and measurement. Probe pairs were: TMRM (mito-
chondrial membrane potential, ΔΨm) and Fluo-4 (cytosolic Ca2+) or
BCECF (cytosolic pH), Fluo-4 and DiSBAC2(3) (plasma membrane
potential, ΔΨp), TMRM and mitoCase12. Since mitoCase12, when
expressed at very high levels, decreased the TMRM staining, we
selected for the analysis only the cells with unaffected TMRM signal.
Acquisition of each spectral signal was done in sequential laser mode
with emission gates adjusted to avoid overlaps.
During the measurements, TMRM, DiSBAC2(3), PMPI and CoroNa
Green probes were maintained in solution at 20 nM, 0.25 μM,
0.5 μl/ml and, 3 μM, respectively. All the experiments with PC12
cells described in Sections 2.4 and 2.5 were carried out in serum-free
DMEM containing 25 mM HEPES and 25 mM NaHCO3, pH 7.4. To
suppress glycolytic pathway of ATP generation [37], cells were pre-
incubated for 3 h and analysed in serum and glucose free medium,
containing 10 mM galactose and 1 mM pyruvate (galactose(+)
medium).
2.4. Intracellular O2 sensing assay
Typically, a standard 96-well plate containing 24 samples of PC12
cells pre-loaded intracellularly with the MitoXpress probe and
containing 90 μL of air-saturated medium were measured on a time-
resolved ﬂuorescence (TR-F) reader Victor 2 (PerkinElmer Life
Science) at 37 °C using standard 340 nm excitation and 642 nm
emission ﬁlters. Each sample well was measured repetitively every 1–
3 min taking two intensity readings at delay times of 30 and 70 μs and
gate time of 100 μs [25]. The plate was monitored for 10–20 min to
reach gas and temperature equilibrium and obtain basal signals, then
withdrawn from the reader, compounds were added to the cells
(10 μL of 10× stock solution) and monitoring was resumed. Measured
TR-F intensity signals were converted into phosphorescence lifetime
(τ), then converted into iO2 concentration (μM): [iO2]=−0.0016τ3
+0.3231τ2−22.244τ+522.96, and plotted as time proﬁles. Control
samples and repetitive additions were incorporated as appropriate.
2.5. Measurement of NAD(P)H, ATP, ΔΨm, ΔΨp, intracellular Ca2+, Na+,
pH and ROS
In confocal live cell ﬂuorescence imaging, the APF, DHR, CoroNa
Green, BCECF, MTG, Fluo-4, mitoCase12, memCase12 and mtAlpHi
probes were excited at 488 nm (5%, 2.5%, 5%, 0.5%, 2%, 5%, 1.5%, 1.5%,
10% of laser power) with emission collected at 500–550 nm and
monitored on Olympus FV1000 confocal laser scanning microscope
with controlled CO2, humidity and temperature. TMRM and DiSBAC2
(3) probes were excited at 543 nm (1.5% and 1%, respectively)
collecting emission with a 555–600 nm ﬁlter. PMPI was excited at
514 nm (2% of laser power) and the emission collected through a 530–
600 nm ﬁlter. For Fura Red excitation/emission were adjusted to 488/
620–670 nm (10% of laser power). Cells co-stained with Fluo-4 and
Fura Red indicators were excited at 488 nm, and ﬂuorescence was
collected at 500–550 nm and 620–670 nm, respectively. The Fluo-4
ﬂuorescence increases on Ca2+ binding, whereas Fura Red signal
decreases. To demonstrate the changes in iCa2+, we used the ratio of
Fluo-4 and Fura Red emissions, as a ratiometric index independent on
the probe leakage and bleaching, changes in cell volume or shape,
similarly to [38]. In all experiments the ﬂuorescent and differential
interference contrast (DIC) images were collected with a 60× oil
immersion objective in two planes using 0.5 μm step and 20 s
intervals. The resulting z-stacked images were analyzed usingFV1000 Viewer software (Olympus) and Adobe Photoshop and
Illustrator. NAD(P)H auto-ﬂuorescence was observed using an
Axiovert 200 M confocal microscope, with excitation 375±25 nm,
emission 448±32 nm. Images were recorded using a back illuminat-
ed, cooled EM CCD camera (Andor Ixon BV 887-DCS, Andor, Belfast,
Northern Ireland). Filters and dichroic mirrors where made by
Semrock (Rochester, NY, USA). The imaging setup was controlled by
MetaMorph software (Molecular Devices, Berkshire, UK). The calcu-
lation of ΔΨm and ΔΨp, the cell and mitochondria volumes for PC12
cells was done as described [36]. TMRM redistribution constant for
CGN was set as 0.008 s−1. NAD(P)H auto-ﬂuorescence (optimum
excitation/emission—355 nm/460 nm) was also monitored on Victor
2 plate reader [26], using the addition of antimycin A (8 μM) and FCCP
(1 μM) as positive and negative controls (maximal and minimal
signal, respectively). Cellular total ATP was quantiﬁed using CellTiter-
Glo® Assay (Promega, Madison) on white 96-well plate (Greiner Bio
One, Frickenhausen, Germany). Conditions of treatment with various
effectors (dose, timing, media) are described in Section 3.
2.6. Statistics
All sets of data were evaluated for statistical difference using two-
tailed Student's t-test. The 0.01 level of conﬁdence was accepted as
statistically signiﬁcant. One and two asterisks are given to the 0.01
and 0.001 levels of conﬁdence, respectively. Plate reader data are
presented as average values±standard deviation for six repeated
wells (presented as well as error bars on the plots). Imaging data
show the pattern typical for 3–5 experiments. The proﬁles obtained
during the live cell image analysis represent average values±
standard deviation for 6–10 individual cells. All the experiments
were repeated 3–5 times to ensure consistency of results.
3. Results
3.1. Depletion of eCa
2+ induces a pronounced spike in cell respiration
In a dense monolayer of resting PC12 cells cultured under static
conditions O2 concentration is reduced compared to bulk solution due
to cell respiration, the degree of local deoxygenation being a function
of respiratory activity of the cells. Loading of the cells with an O2-
sensitive probe allows monitoring of dynamics of cell respiration by
means of TR-F measurements and phosphorescence lifetime-based O2
sensing [26]. We found that depletion of eCa2+ by EGTA induced a
marked respiratory spike in PC12 cells, seen as a rapid transient
decrease in the iO2 concentration (Fig. 1A, B). This respiratory
response was dependent on the EGTA concentration and became
signiﬁcant at physiologically relevant levels of residual eCa2+ [1].
Thus, in glucose(+) medium the response was detectable upon the
addition of 1.2 mM EGTA, i.e. when eCa2+ dropped from 1.8 to
0.6 mM. Inhibition of glycolytic ATP supply by pre-conditioning PC12
cells in glucose(−)/galactose(+) medium (this is known to activate
OxPhos [37]), elevated basal respiration rate and ampliﬁed the
response to EGTA. We observed signiﬁcant spike in respiration
already at 0.75 mM EGTA, which corresponded to ∼1 mM of residual
eCa2+. Pre-treatment of PC12 cells with ETC complex III inhibitor
antimycin A reduced the response to eCa2+ depletion by N90%
(Fig. 1A).
A similar type of response was reported for sustained depolariza-
tion of plasma membrane of PC12 cells with 100 mM K+, which was
largely due to the release of Ca2+ from intracellular stores (even in
eCa2+-free conditions) [26]. We examined the relationship between
these two responses by applying KCl at different time intervals,
indicated by arrows (Fig. 1C) after the addition of 2.5 mM EGTA.
Although individual responses to eCa2+ depletion and high eK+ were
similar in shape, dual treatment revealed their independence and
Fig. 1. Respiratory response to eCa2+ depletion. A, Respiratory response of PC12 to eCa2+ depletion by EGTA causes a transient decrease in iO2 concentration. Inhibition of glycolytic
ATP supply in galactose(+) medium signiﬁcantly increases the response, while 10 μM antimycin A inhibits the response. B, The reduction in eCa2+ from 1.8 to ≤0.6 mM in glucose
(+) medium and from 1.8 to ≤1 mM in galactose(+) medium, produces a signiﬁcant respiratory response. C, Membrane depolarization with 100 mM eK+ applied shortly after the
EGTA has an additive effect on the respiratory response. Arrows indicate the time points for K+ addition. D, Being observed for various cell types, the response is more pronounced in
highly respiring PC12, MEF, HCT116 cells and primary CGN. E, F, Activation of mitochondrial biogenesis by PGC-1α overexpression (conﬁrmed by 85±65% increase in TMRM signal
calculated for 50 non-transfected and PGC-1α transfected cells) signiﬁcantly increases the response to eCa2+ depletion. Asterisks indicate signiﬁcant differences (pb0.01).
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time, the overall proﬁle was signiﬁcantly enhanced and broadened.
Using primary cerebellar granule neurons and non-neural cells
with high respiration rate such as MEF and HCT116 we also observed
strong transient response to eCa2+ depletion (Fig. 1D, Fig. S2),
whereas the low-respiring HeLa and B-lymphoblasts did not generate
pronounced response. Non-differentiated neuroblastoma cells SH-
SY5Y also showed rather weak response to EGTA treatment. In HepG2
and CHO cells, depletion of eCa2+ evoked moderate responses. We
also increased mitochondrial biogenesis in PC12 cells by overexpres-
sion of peroxisome proliferator-activated receptor γ coactivator 1α
PGC-1α [39]. Similar to what was previously reported [40], the cells
over-expressing PGC-1α signiﬁcantly increased (by 85±65%) aver-
age intensities of both the potentiometric TMRM (Fig. 1E, F) and the
potential-independent MTG (not shown) probes. In such cells the
respiratory response to eCa2+ depletion in galactose(+) medium was
increased signiﬁcantly (Fig. 1F).
To verify the speciﬁcity of the response to Ca2+ depletion rather
than EGTA, control experiments were conducted. First, we treated
cells with 1.25 and 2.5 mM EGTA pre-incubated with equimolar Ca2+
concentrations (no binding sites for Ca2+), and found that it abolished
the respiratory response (Fig. S3, A). Second, we replaced EGTA with
EDTA and BAPTA, which have different afﬁnities and speciﬁcities for
Ca2+. These chelators induced similar responses, thus conﬁrming that
an increase in respiration is driven by eCa2+ depletion (Fig. S3, B).
When KOH was used for making up EGTA stock solution instead of
NaOH (thus, Na+ in the mediumwas replaced by K+), the response to
EGTA addition remained unchanged (Fig. S3, C). It is worth notingthat rapid lowering of eCa2+ by perfusion or large dilution of the
sample is not applicable to this model, since this would destroy local
O2 gradients generated by the monolayer of respiring cells and
disallow measurement of rapid and transient respiratory responses.
Thus, the addition of increased volume of EGTA markedly decreased
the response (Fig. S3, D).
Apart from eCa2+ chelation, EGTA addition is associated with
considerable changes in ion composition of the medium. Firstly, EGTA
contains approximately two equivalents of Na+ ions which increase
eNa+ by≤10mM. Secondly, Ca2+ chelation by EGTA releases H+, thus
reducing the pH of buffered medium (see Section 2) by up to
0.22 units. Therefore, we analyzed the effects of changes in
extracellular Na+ and pH on cell respiration. The changes in eNa+
were found to contribute up to 15–20% of the total response to EGTA,
whereas medium acidiﬁcation with HCl had no effect on the
respiration (Fig. S3, E).
Based on these experiments, we concluded that the respiratory
response of PC12 cells to eCa2+ depletion is a prominent bioenergetic
event linked to the mitochondrial function.
3.2. Changes in cell bioenergetics upon eCa
2+ depletion
To elaborate the molecular mechanisms of the respiratory
response to eCa2+ depletion, we investigated a number of relevant
bioenergetic parameters and ion concentrations in PC12 cells.
Confocal imaging revealed a short spike followed by a minor
reduction in ﬂuorescence of TMRM probe (mitochondrial membrane
potential, ΔΨm), along with a moderate increase in ﬂuorescence of
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addition of 2.5 mM EGTA (Fig. 2A). Correction of the two signals for
cross-sensitivity [36] gave us a decrease in ΔΨm of ∼5 mV and in ΔΨp
of ∼7 mV, compared to non-stimulated PC12 cells (Fig. 2B).Fig. 2. Changes in membrane potentials, iCa2+, mCa2+, NAD(P)H and ATP levels upon eCa2+ d
2.5 mM EGTA. Dashed line shows the probes ﬂuorescence upon control addition of themediu
a decrease in ΔΨp by 7 mV and in ΔΨm by 5 mV. C, Traces of memCase12 ﬂuorescence and Fluo
EGTA addition cytosolic pH decreases by ≤0.1 units, as determined from BCECF ﬂuorescence
G, Mitochondrial pH measured using the GFP-tagged mtAlpHi protein, slightly decreases.
decreases the probe ﬂuorescence by 40%. Inhibition of inward H+ transport by 10 μMoligom
5 mM EGTA, NAD(P)H levels remain unchanged, in contrast to dramatic increase caused by
FCCP (1 μM) rapidly reduced the NAD(P)H. I, ATP levels remain unchanged during and after
Bar represents 20 μm.A signiﬁcant decrease in the ratio of the Fluo-4 and Fura Red
ﬂuorescence after EGTA addition (by ∼25% over 4–5 min, Fig. 2C),
revealed a reduction in iCa2+. The decrease in iCa2+ was conﬁrmed by
the Ca2+-biosensor memCase12 which detects Ca2+ in the cytosolicepletion. A, Proﬁles of TMRM and DiSBAC2(3) probes ﬂuorescence upon the addition of
m. B, Reconstructed membrane potentials from the TMRM and DiSBAC2(3) traces reveal
-4/Fura red signal ratio upon eCa2+ depletion demonstrate a decrease in iCa2+. D, Upon
. E, F, mitoCase12 shows a signiﬁcant drop in ﬂuorescence reﬂecting a decrease in mCa2+.
Control addition of 5 μM nigericin, which equalizes cytosolic and mitochondrial pH
ycin increases mpH, which can then be reduced by 1 μM FCCP. H, Upon the addition of 1–
the ETC complex III inhibition with 10 μM antimycin A. Mitochondrial uncoupling with
the respiratory response to EGTA. Asterisks indicate signiﬁcant differences (pb0.001).
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decrease in ﬂuorescence by 35±5% (Fig. 2C). Since all Case12-based
sensors also show sensitivity to pH, we checked the effect of EGTA
addition on the cytosolic pH in PC12. Cytosolic pH probe BCECF, which
was calibrated at pH 5.5–8.0 with high K+ buffer according to [41],
showed a decrease in ﬂuorescence upon eCa2+ depletion, which
corresponded to cytosol acidiﬁcation from pH 7.3 to 7.2 (Fig. 2D).
Considering that Case12 calcium sensors have an apparent Kd=1 μM
and pKa=7.2 [30], and that free Ca2+ in cytosol was 100–150 nM, the
contribution of cytosol acidiﬁcation to the observed drop in
memCase12 ﬂuorescence was determined to be below 10% of the
total response.
Changes in mCa2+were assessed using the mitoCase12 sensor, which
showed a decrease in ﬂuorescence by 45±5% (Fig. 2E,F). Again,∼20% of
this decrease was due to the acidiﬁcation of mitochondrial matrix
(Fig. 2G). The mitochondrial pH sensor mtAlpHi [34] showed that the
ﬁrst phase of the mCa2+ decrease coincided with the reduction in
mitochondrial pH. However this decreasewas signiﬁcantly smaller than
the drop after the complete dissipation of ΔpHmwith nigericin. Despite
the marked reduction in both mCa2+ and iCa2+, EGTA caused no
signiﬁcant changes in cellular NAD(P)H and ATP levels upon eCa2+
depletion (Fig. 2H and I). Moreover, subsequent depolarization of
plasma membrane by high eK+ transiently elevated both ATP [26] and
NAD(P)H levels in PC12 cells (Fig. S4). Using the APF and DHR probes,
we found no signiﬁcant changes in ROS production after EGTA
treatment, compared to the untreated PC12 cells (Fig. S5).
The addition of 2.5 mM EGTA to CGN (primary neurons) induced
similar changes in bioenergetic parameters with a minor transient
shift in ΔΨm (increased TMRM ﬂuorescence), modest but prolonged
depolarization of ΔΨp (increased PMPI ﬂuorescence) and a progres-
sive decrease in iCa2+ (Fig. S6). In summary, the respiratory response
to eCa2+ depletion in PC12 and other neurosecretory cells is
associated with partial depolarization of ΔΨp, reduction in iCa2+
and mCa2+, and no changes in NAD(P)H, ATP and ROS levels.
3.3. Role of ΔpHm and ΔΨm in the respiratory response to eCa2+
depletion
In glucose(+) medium, ETC uncoupling with 1 μM FCCP was seen
to increase the respiratory response to eCa2+ depletion by 80–90%
(Fig. 3A). Inhibition F0F1 ATPase by pre-treatment with 10 μM
oligomycin reduced this effect by ∼50%. Dual treatment with FCCP/
EGTA in galactose(+)medium enhanced the respiration such that the
cells became practically anoxic for ∼5 min (Fig. 3B). This was
surprising, since in uncoupled mitochondria the ETC is expected to
work with maximal capacity. We performed additional experiments
applying different concentrations of FCCP and EGTA to the cells pre-
incubated in galactose(+) medium, and found that PC12 cells
uncoupled by ≤0.75 μM FCCP strongly respond to the addition of
2.5 mM and 1.25 EGTA (Fig. S7). At higher FCCP concentrations the
response to eCa2+ depletion was decreased.
The analysis with DiSBAC2(3) and TMRM probes (Fig. 3C,D)
revealed hyperpolarization of ΔΨp by 5 mV (Fig. 3F) and depolariza-
tion of ΔΨm by 135 mV after the addition of FCCP. This coincided with
the increase in Fluo-4 signal by 40%which we attributed to the release
of mCa2+ and inactivation of Ca2+ uniporter (Fig. 3C, E). This was
conﬁrmed by the rapid 40–50% decrease in mitoCase12 ﬂuorescence
(Fig. 3G). Subsequent addition of EGTA further depolarized ΔΨm by
10–15 mV, reduced ΔΨp by 10 mV (Fig. 4C–F), lowered iCa2+, and
decreased mitoCase12 signal (Fig. 3G).
FCCP is known to dissipate ΔΨm and reduce ΔpHm. To elaborate
the contribution of these parameters to the respiratory response, we
altered them selectively with 1 μM valinomycin and 5 μM nigericin
prior to EGTA treatment. The K+ ionophore valinomycin, which
rapidly disrupts ΔΨm, slightly increased the response to EGTA in
glucose(+) medium (Fig. 3H) with a higher increase in galactose(+)medium (similar to FCCP, not shown). The H+/K+ exchanger
nigericin, which dissipates ΔpHm and hyperpolarizes ΔΨm
by ∼30 mV [36], did not affect the response. Dual treatment with
valinomycin and nigericin practically abolished the response to EGTA
due to full dissipation of the proton motive force. Finally, mK+ATP
channels activator diazoxide and blocker 5-hydroxydecanoic acid
(both are known to modulate ΔΨm [42,43]), did not change the
response to EGTA (data not shown). Taken together, these results
show that both the ΔΨm and ΔpHm are essential for the respiratory
response to eCa2+ depletion.
3.4. The response to eCa
2+ depletion is driven by the inﬂux of eNa
+ and
mitochondrial Na+/Ca2+ exchange
The depletion of eCa2+ was shown to be linked to eNa+ inﬂux in
neuronal cells [3]. Knowing that an increase in iNa+ can activate cells
and stimulate neurotransmission [13,14], we addressed the role of Na+
inﬂux in the respiratory response to EGTA. First, the responses of PC12
cells to eCa2+depletionwere studied atdifferent concentrationsof eNa+.
We found that in galactose(+)medium containing 94, 72 and 50 mMof
Na+ (osmolarity was adjusted to 139 mM with choline chloride) the
response was reduced by 30%, 43% and 70%, respectively (Fig. 4A). This
highlighted the critical role of eNa+. Second, confocal imaging of CoroNa
Green ﬂuorescence revealed a transient increase of iNa+ immediately
after EGTA addition (Fig. 4B). We therefore concluded that the inﬂux of
eNa+ represents an early event in a cascade of ion ﬂuxes leading to
increased O2 consumption.
To identify the pathways of eNa+ entry, we pre-treated PC12 cells
with Na+ channel inhibitors TTX (0.5–10 μM) and lidocaine (100–
300 μM) and activator aconitine (0.5–10 μM), and observed only minor
changes in the respiratory response. This shows that transport through
selective Na+ channels did not play signiﬁcant role. Similarly, 50–
200 μM lamotrigin (inhibitor of ion currents through the NSC) and
200 μM DL-AP7 (antagonist of NMDA receptor) did not alter the
response, while double treatment with lidocaine and lamotrigin
reduced the response only by 20% (pb0.01, Fig. 4C). In contrast, 5 μM
SKF96365 (the inhibitor of the receptor operated, store operated and
voltage gated Ca2+ channels, ROC/SOC/VGCC [44,45] and 10 μM
nifedipine (the inhibitor of the L-type VGCC), reduced the respiratory
response by ∼50%. This data suggest that eNa+ entry through Ca2+
channels can mediate the response. Similarly, Na+/H+ exchangers
(NHE) may play a role, since their inhibition with 10 μM EIPA reduced
the response by 60%. Indeed,monitoring eNa+ inﬂux in cells pre-treated
with SKF96365 and EIPA, we observed a decrease in CoroNa Green
ﬂuorescence by 30–40% at peak of the response to eCa2+ depletion
(Fig. 4B). Noteworthy, SKF96365 shortened the iNa+ spike (pb0.01),
whereas EIPA dramatically changed the spatial distribution of probe
ﬂuorescence due to intracompartmental accumulation of Na+.Without
EGTA, similar increases in extracellular Na+ and H+ evoked only minor
increase in iNa+ (Fig. S8).
The Na+/K+ ATPase is known to maintain the ΔΨp by exchanging
3 Na+ to 2 K+ per each ATP molecule hydrolyzed. Since the Na+/K+
ATPase is also responsible for the clearance of the cytosol from Na+,
we expected it to contribute to the respiratory response to eCa2+
depletion. However, inhibition of the ATPase activity with ouabain
caused only insigniﬁcant decrease in the response (Fig. S9).
Elevation of iNa+ is known to activate the mNa+/Ca2+ exchange
increasing mNa+ and decreasing mCa2+ levels [17]. We found that
selective inhibition of the mNCX by 25 μM CGP37157 reduced the
response to EGTA by ∼50% (Fig. 4D). The ﬂuorescence of mitoCase12
probe revealed a slow elevation in mCa2+ after CGP37157 treatment
and a signiﬁcant deceleration of mCa2+ extrusion after EGTA
application, compared to the cells with unaffected mNCX (Fig. 4E, F).
We therefore hypothesized that a signiﬁcant part of the increase in O2
consumption was due to the Na+-induced mCa2+ transients. If so, this
should be inﬂuenced by the modulators of iCa2+ transport. Indeed,
Fig. 3. Involvement of H+ transport, ΔΨm and ΔpHm in the respiratory response to eCa2+ depletion. A, ETC uncoupling with FCCP (1 μM) increases the respiratory response, while
inhibition of ETC complex V with oligomycin (10 μM) abolishes this effect. B, Sequential treatment with 1 μM FCCP and 5 mM EGTA in galactose(+) medium induces deep cell
deoxygenation for ∼5 min. The cells then return to a new, elevated level of O2 consumption which is reduced by 10 μM antimycin A. C, D, Fluo-4 ﬂuorescence reveals an increase in
iCa2+ after FCCP addition followed by a steady decrease after EGTA treatment. TMRM signal drops stepwise after FCCP and EGTA treatment, while DISBAC2(3) shows only minor
changes. E, F, Proﬁles of membrane potentials calculated from (C, D), reveal hyperpolarization of ΔΨp by ∼5 mV and depolarization of ΔΨm by ∼135 mV after FCCP treatment.
Addition of EGTA further depolarizes ΔΨm by 10–15 mV and decreases ΔΨp by 10 mV. G, Proﬁle of mitoCase12 ﬂuorescence shows a pronounced decrease in mCa2+ upon ETC
uncoupling, followed by an additional drop in mCa2+ after EGTA application. H, Depolarization of ΔΨm by valinomycin (1 μM) slightly increases the response, dissipation of ΔpHm by
nigericin (5 μM) does not inﬂuence it (pb0.001). Upon simultaneous treatment with nigericin and valinomycin, the response is practically abolished. Asterisks indicate signiﬁcant
differences (pb0.001). Bar represents 20 μm.
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inhibition of the SERCA with 10 μM thapsigargin (both drugs cause
depletion of the ER stores and inhibition of inter-compartmental Ca2+
exchange) transiently increased mCa2+, altered the proﬁle of mCa2+
extrusion and reduced the respiratory response to EGTA by ∼40–50%.
Taken together, the results demonstrate that eNa+ inﬂux and mCa2+
turnover are themain drivers of the spike in O2 consumption in response
to the depletion of eCa2+ by EGTA.
4. Discussion
Here, we describe a new physiological phenomenon—a prominent
respiratory response to eCa2+depletion. This response ismediatedby theinﬂux of eNa+ into the cytosol and the subsequent chain of Na+/Ca2+
andNa+/H+exchanges inmitochondria. This is particularly pronounced
in actively respiring cells, such as neurosecretory PC12 cells and primary
CGN. Proposedmechanismof the response is the following(Fig. 5). Rapid
depletion of eCa2+ induces a decrease in iCa2+ to a new level and an
inﬂux of eNa+ which activates the mNCX. Elevated Na+/Ca2+ exchange
causes apartial decrease inmCa2+andan inﬂuxof iNa+ to thematrix. The
excess of mNa+ activates the mNHE, which transports protons into the
matrix slightly acidifying it (Fig. 2). This results in increased outward
pumping of protons, electron transport and O2 consumption. Addition-
ally, cytosol clearance of the excessive Na+ requires activation of Na+/K
+ATPase, knownas amain consumerofATP inneuronal cells [46],which
also impacts into the increase in respiration (Fig. S9).
Fig. 4. Depletion of eCa2+ triggers the inﬂux of eNa+ and activation of the mNCX. A, The respiratory response to 2.5 mM EGTA in galactose(+) medium with low eNa+ (osmolarity is
balanced with choline chloride) is reduced in a concentration-dependent manner, demonstrating the critical role of eNa+. B, Depletion of eCa2+ induces eNa+ inﬂux (monitored by
confocal microscopy as an increase in CoroNa Green ﬂuorescence), which is down-regulated by pre-treatment with the inhibitor of non-speciﬁc Ca2+ channels SKF96365 (5 μM) and
with NHE blocker EIPA (10 μM). C, SKF96365 and VGCC inhibitor nifedipine (10 μM) reduces the respiratory response by ∼50%, EIPA inhibits the response by ∼60%. Double treatment
with lidocaine/lamotrigine decreases the response by 20%. D, Inhibition of mNCX with CGP37157 decreases the response by ∼50%. E, Proﬁles of mitoCase12 ﬂuorescence show that
mNCX inhibition gradually elevates mCa2+ and decelerates Ca2+ extrusion over the ﬁrst ∼5 min after eCa2+ depletion (F). Asterisks indicate signiﬁcant differences (pb0.01). Bar
represents 20 μm.
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eCa2+. It is likely that iCa2+ is pumped out by the plasma membrane
calcium ATPase (PMCA) which has high afﬁnity for iCa2+ [47]. In this
case, perturbed transmembrane gradient which normally governs Ca2+
entry allows the cell to pump out iCa2+ to a new lower level. Activation
of plasmamembrane NCX (pNCX) is another possiblemechanism of the
reduction in iCa2+, which has been demonstrated for glial cells [48].
Both PMCA and pNCX are the main contributors in the removal of Ca2+
in PC12 cells [49].
Under normal conditions, mCa2+ uptake is fueled by the inﬂux of
eCa2+ and Ca2+ release from intracellular stores. The L-type VGCC
supply a large proportion of Ca2+ needed for periodic excitation of
neurons and slower processes such as gene expression [50]. The
inhibitory effect of nifedipine (Fig. 4C) suggests that Ca2+ transport
through the L-type VGCC is important for the generation of
respiratory response in PC12. Moreover, impaired Ca2+ exchange
between the mitochondria and ER affects the development of this
response, as was shown by the inhibitory effects of thapsigargin and
CmC. At the same time, the mNCX acts as a potent mediator between
the changes in eCa2+ and respiration, since its inhibition by CGP37157
largely reduces the response (Fig. 4D).
After the drop in eCa2+, eNa+ ﬂows into the cells and activates the
mNCX. Na+ inﬂux, in turn, is governed by a number of ion transporting
proteins in plasma membrane, the exact roles of which still to beidentiﬁed. The minor effect of lidocaine, aconitine and TTX indicates
that Na+ entry into the cells does not rely on speciﬁc Na+ channels.
The NSC also play insigniﬁcant role, as their inhibition by lamotrigin
does not inﬂuence the response. The contribution of SOC which
modulate Na+ entry [51], and TRPM7which passes Na+ inside the cell
upon the depletion of eCa2+ [52] is questionable, since the inhibition
of these proteins with 2-APB [53,54] has no effect on the respiratory
response. Increased Na+ permeability of VGCC (described for smooth
muscle cells [55]), does not seem to be involved in the iNa+ inﬂux in
PC12 cells. The same can be concluded about the NMDA receptor,
which was inhibited by DL-AP7. Conversely, strong inhibitory effect of
SK96365 points to the role of ROC as the main providers of Na+ inﬂux.
This was conﬁrmed by direct monitoring of iNa+ (Fig. 4B,C). Similarly,
strong inhibitory effect of EIPA on both the respiratory response and
iNa+ levels suggests that plasmalemmal NHE contributes to the
respiratory spike (Fig. 4B,C). Notably, EIPA also inhibits Na+/H+
exchange in mitochondria which may reduce the response.
Fast drop in cytosolic pH by 0.1 units after the addition of EGTA
(Fig. 2D) can potentially contribute to the respiratory response.
However, this mechanism was ruled out, since in the media with
higher buffering capacity or reduced Ca2+, cytosol acidiﬁcation was
negligible while the respiratory response to EGTA remained unaffect-
ed (data not shown). On the other hand, slight decrease in mΔpH
induced by eCa2+ depletion (Fig. 2G) may contribute to the activation
Fig. 5. Proposed mechanism by which depletion of eCa2+ activates mitochondrial respiration. Depletion of eCa2+ induces the entry of Na+ into the cells, which is coupled to the
transient ΔΨp depolarization by ∼7 mV (see also Fig. 2). Clearance of the excessive cytosolic Na+ (cNa+) by Na+/K+ATPase (NKA) requires increased ATP supply. Elevation of cNa+
activates the mNCX causing the mitochondria to lose Ca2+ and activating the mNHE. As a result, matrix [H+] elevates, triggering Ca2+ release from phosphate complexes and
increasing the transport of H+ and electrons by the ETC, thus activating O2 consumption. FCCP dissipates ΔΨm, reduces ΔpH and accelerates H+ and electron transport, thus
increasing the respiratory. Neither dissipation of ΔΨm by valinomycin, nor reduction of ΔpHm by nigericin decreases the response, which is abolished in the absence of PMF.
Inhibition of the mNCX by CGP37157 and mNHE by EIPA strongly reduces the response. Inhibition of the F0F1 ATP-synthase with oligomycin has similar effect. Potent inhibitors of the
response and their mitochondrial targets are shown in red. Yellow numbers in black boxes indicate the main steps of the response development.
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isolated heart mitochondria, is in the range of 7.5–7.6 [56].
Energyused topowerATP synthesis and ion transport is stored in the
gradients across the innermitochondrialmembrane: PMF (mV)=ΔΨm
−60ΔpHm. Dissipation of the mitochondrial K+ gradients strongly
affects the energetic state of mitochondria. Valinomycin and nigericin,
which allow transport of K+ across the membranes depolarizing ΔΨm
and dissipatingΔpHm respectively, do not reduce the response to EGTA
(Fig. 3H). Only complete elimination of the PMF by the simultaneous
treatmentwith valinomycin and nigericin greatly reduces the response.
This suggests that K+ currents are not signiﬁcant for the respiratory
response.
Transient increase in respiration observed upon eCa2+ depletion is
coupled to a reduction in mCa2+. Intriguingly, the opposite process,
namely an elevation of mCa2+, is known to activate the dehydrogenases
of the Krebs cycle, which provide the ETC with reduced compounds
(NADH, FADH2). However, four enzyme complexes: pyruvate dehy-
drogenase, NAD-isocitrate dehydrogenase, oxoglutarate dehydrogenase
and FAD-glycerol phosphate dehydrogenase (the latter is located on the
outer surface of the innermitochondrialmembrane and is inﬂuenced by
cCa2+) remain active in awide range of Ca2+ concentrations [24,57].We
believe that the level of Ca2+ extrusion from mitochondria is not
sufﬁcient for inhibition of Krebs cycle enzymes. Thus, even in conditions
ofmassive loss ofmCa2+uponuncoupling, theKrebs cycle is still capable
of feeding the ETC with reduced compounds at high rate. Moreover,
respiration can be physiologically up-regulated by a number of factors
such as elevation of ADP/ATP ratio, increased ion ﬂuxes, ΔΨm
depolarization [22]. In light of a partial loss of Ca2+ by themitochondria,
we think that the last two factors (demonstrated in this work) can
elevate the respiration.ETC uncoupling by FCCP activates processes directed to the
restoration of theΔΨm and ΔpHm, including the transport of electrons
and proton pumping from the matrix, thus resulting in increased O2
consumption. We show that at ≤1.5 μM FCCP, uncoupled PC12 cells
strongly respond to eCa2+ depletion (Fig. 3A,B, Fig. S7), and in
condition of active glycolytic ATP production (glucose(+) medium)
the response increases. This result somehow contradicts to the
classical concept of maximal respiration rate in uncoupled mitochon-
dria. However, maximal respiration rate can be reliably achieved with
isolated mitochondria, using a buffer with optimal ion/substrate
composition and sub-micromolar concentrations of FCCP. For intact
whole cells complete uncoupling is not always achievable. Thus, PC12
cells pre-conditioned on galactose steadily increase their respiration
over the range of 0.1–3 μM FCCP, while micromolar concentrations of
FCCP affect ion gradients across plasma membrane and depolarize it
[36]. To avoid side effects, we used≤1 μMFCCPwith PC12 cells, which
may not be sufﬁcient for their full uncoupling. Therefore, an increase
in respiration in the cells uncoupled by FCCP upon the addition of
EGTA is not very surprising. A similar effect of FCCP was reported for
the respiratory response of PC12 cells to KCl [26].
Additionally, acidiﬁcation of cytosol by ≤0.1 pH units upon eCa2+
depletion (see Fig. 2D) may increase availability of H+ to FCCP, thus
increasing uncoupling. This mechanism, however, does not comply
with the observed 50% inhibition of the response to EGTA by
oligomycin in the presence of FCCP. Notably, in galactose(+) medium
the uncoupled PC12 cells with impaired glycolytic supply of ATP
respond to eCa2+ depletion by deep deoxygenation of the cytosol
(Fig. 3B). Mitochondrial uncoupling is implicated in side effects of
many drugs resulting in cell and organ-speciﬁc toxicity [58]. Marked
enhancement of the response to eCa2+ depletion by FCCP observed in
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cells upon excitatory stimulation.
Decreases in eCa2+ during repetitive neurotransmission in hippo-
campus may induce intrinsic high-frequency bursts through persis-
tent inﬂux of Na+ [13,14], leading to epileptic seizures, energy crisis
and damage of the brain [13]. Our results suggest that respiratory
spike can be a mechanism for neuronal cells to provide ATP for
sustained activation. Although NAD(P)H and ATP levels are not
changing during the response (Fig. 2H,I), the rates of their production
and consumption may increase considerably while still remained
balanced by feedback control mechanisms. Profound deoxygenation
generated in dense populations of neuronal cells upon stimulation
with EGTA points to the relevance of this effect for neuronal
pathophysiology. Thus, during neuronal hyperactivity or stroke, free
eCa2+ concentration falls dramatically [1], so as the supply of glucose
and oxygen to the cells [10]. In our model, PC12 cells treated with
EGTA also undergo a decrease in eCa2+, iO2 and plasma membrane
potential (Fig. 1, Fig. 2A–C). Furthermore, applying more cells on top
of the monolayer of PC12, we observed an even greater response to
EGTA and a profound deoxygenation of the cells even in glucose(+)
medium (not shown). Local hypoxia, in turn, may alter gene
expression (e.g. via HIF-1 and HIF-2 pathways [11,59], survival,
apoptosis and excitability of the cells. Possible implications of such
respiratory responses should also be considered in physiological
experiments under Ca2+-free conditions.
Acknowledgements
This material is based upon works supported by the Science
Foundation Ireland under Grants No. 07/IN.1/B1804 and 03/RP1/
B344, and Rosnauka (Grant No 02.512.11.2216). The authors thank Dr.
Bernard Allan (Genentech) for supplying the PGC-1α plasmid, Dr.
Kieran McDermott (UCC) for the assistance in confocal imaging
experiments, Prof. Alexei Tepikin (University of Liverpool, UK) for the
discussion of results.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbabio.2010.06.006.
References
[1] A.M. Hofer, Another dimension to calcium signaling: a look at extracellular
calcium, J. Cell Sci. 118 (2005) 855–862.
[2] D.E. Clapham, Calcium signaling, Cell 80 (1995) 259–268.
[3] W.K. Xin, X.H. Zhao, J. Xu, G. Lei, C.L. Kwan, K.M. Zhu, J.S. Cho, M. Duff, R.P. Ellen, C.
A. McCulloch, X.M. Yu, The removal of extracellular calcium: a novel mechanism
underlying the recruitment of N-methyl-D-aspartate (NMDA) receptors in
neurotoxicity, Eur. J. Neurosci. 21 (2005) 622–636.
[4] P. Hess, J.B. Lansman, R.W. Tsien, Calcium channel selectivity for divalent and
monovalent cations. Voltage and concentration dependence of single channel
current in ventricular heart cells, J. Gen. Physiol. 88 (1986) 293–319.
[5] Z. Xiong, W. Lu, J.F. MacDonald, Extracellular calcium sensed by a novel cation
channel in hippocampal neurons, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 7012–7017.
[6] E.M. Brown, G. Gamba, D. Riccardi, M. Lombardi, R. Butters, O. Kifor, A. Sun, M.A.
Hediger, J. Lytton, S.C. Hebert, Cloning and characterization of an extracellular Ca
(2+)-sensing receptor from bovine parathyroid, Nature 366 (1993) 575–580.
[7] M. Ruat, M.E. Molliver, A.M. Snowman, S.H. Snyder, Calcium sensing receptor:
molecular cloning in rat and localization to nerve terminals, Proc. Natl. Acad. Sci.
U. S. A. 92 (1995) 3161–3165.
[8] P.M. Vassilev, J. Mitchel, M. Vassilev, M. Kanazirska, E.M. Brown, Assessment of
frequency-dependent alterations in the level of extracellular Ca2+ in the synaptic
cleft, Biophys. J. 72 (1997) 2103–2116.
[9] D.A. Rusakov, A. Fine, Extracellular Ca2+ depletion contributes to fast activity-
dependent modulation of synaptic transmission in the brain, Neuron 37 (2003)
287–297.
[10] D.G. MacGregor, M.V. Avshalumov, M.E. Rice, Brain edema induced by in vitro
ischemia: causal factors and neuroprotection, J. Neurochem. 85 (2003)
1402–1411.
[11] G.L. Semenza, Life with oxygen, Science 318 (2007) 62–64.
[12] T.C. Sudhof, The synaptic vesicle cycle, Annu. Rev. Neurosci. 27 (2004) 509–547.[13] H. Su, G. Alroy, E.D. Kirson, Y. Yaari, Extracellular calcium modulates persistent
sodium current-dependent burst-ﬁring in hippocampal pyramidal neurons, J.
Neurosci. 21 (2001) 4173–4182.
[14] D. Golomb, C. Yue, Y. Yaari, Contribution of persistent Na+ current and M-type K
+ current to somatic bursting in CA1 pyramidal cells: combined experimental
and modeling study, J. Neurophysiol. 96 (2006) 1912–1926.
[15] P. Hess, R.W. Tsien, Mechanism of ion permeation through calcium channels,
Nature 309 (1984) 453–456.
[16] M. Aarts, K. Iihara, W.L. Wei, Z.G. Xiong, M. Arundine, W. Cerwinski, J.F.
MacDonald, M. Tymianski, A key role for TRPM7 channels in anoxic neuronal
death, Cell 115 (2003) 863–877.
[17] B. Kim, S. Matsuoka, Cytoplasmic Na+-dependent modulation of mitochondrial
Ca2+ via electrogenic mitochondrial Na+–Ca2+ exchange, J. Physiol. 586 (2008)
1683–1697.
[18] F. Yang, X.P. He, J. Russell, B. Lu, Ca2+ inﬂux-independent synaptic potentiation
mediated by mitochondrial Na(+)–Ca2+ exchanger and protein kinase C, J. Cell
Biol. 163 (2003) 511–523.
[19] D.R. Giovannucci, M.D. Hlubek, E.L. Stuenkel, Mitochondria regulate the Ca(2+)-
exocytosis relationship of bovine adrenal chromafﬁn cells, J. Neurosci. 19 (1999)
9261–9270.
[20] D.G. Nicholls, Mitochondria and calcium signaling, Cell Calcium 38 (2005)
311–317.
[21] J.G. McCormack, A.P. Halestrap, R.M. Denton, Role of calcium ions in regulation of
mammalian intramitochondrial metabolism, Physiol. Rev. 70 (1990) 391–425.
[22] B. Kadenbach, Intrinsic and extrinsic uncoupling of oxidative phosphorylation,
Biochim. Biophys. Acta 1604 (2003) 77–94.
[23] R.G. Hansford, D. Zorov, Role of mitochondrial calcium transport in the control of
substrate oxidation, Mol. Cell. Biochem. 184 (1998) 359–369.
[24] R.M. Denton, Regulation of mitochondrial dehydrogenases by calcium ions,
Biochim. Biophys. Acta 1787 (2009) 1309–1316.
[25] T.C. O'Riordan, A.V. Zhdanov, G.V. Ponomarev, D.B. Papkovsky, Analysis of
intracellular oxygen and metabolic responses of Mammalian cells by time-
resolved ﬂuorometry, Anal. Chem. 79 (2007) 9414–9419.
[26] A.V. Zhdanov, M.W. Ward, J.H. Prehn, D.B. Papkovsky, Dynamics of intracellular
oxygen in PC12 Cells upon stimulation of neurotransmission, J. Biol. Chem. 283
(2008) 5650–5661.
[27] H. Liu, R. Felix, C.A. Gurnett, M. De Waard, D.R. Witcher, K.P. Campbell, Expression
and subunit interaction of voltage-dependent Ca2+ channels in PC12 cells, J.
Neurosci. 16 (1996) 7557–7565.
[28] T.J. Shafer, W.D. Atchison, Transmitter, ion channel and receptor properties of
pheochromocytoma (PC12) cells: a model for neurotoxicological studies,
Neurotoxicology 12 (1991) 473–492.
[29] E.E. Reynolds, W.P. Melega, B.D. Howard, Adenosine 5′-triphosphate independent
secretion from PC12 pheochromocytoma cells, Biochemistry 21 (1982)
4795–4799.
[30] E.A. Souslova, V.V. Belousov, J.G. Lock, S. Stromblad, S. Kasparov, A.P. Bolshakov, V.
G. Pinelis, Y.A. Labas, S. Lukyanov, L.M. Mayr, D.M. Chudakov, Single ﬂuorescent
protein-based Ca2+ sensors with increased dynamic range, BMC Biotechnol. 7
(2007) 37.
[31] J.H. Skene, I. Virag, Posttranslational membrane attachment and dynamic fatty
acylation of a neuronal growth cone protein, GAP-43, J. Cell Biol. 108 (1989)
613–624.
[32] R. Rizzuto, H. Nakase, B. Darras, U. Francke, G.M. Fabrizi, T. Mengel, F. Walsh, B.
Kadenbach, S. DiMauro, E.A. Schon, A gene specifying subunit VIII of human
cytochrome c oxidase is localized to chromosome 11 and is expressed in both
muscle and non-muscle tissues, J. Biol. Chem. 264 (1989) 10595–10600.
[33] R. Rizzuto, M. Brini, P. Pizzo, M. Murgia, T. Pozzan, Chimeric green ﬂuorescent
protein as a tool for visualizing subcellular organelles in living cells, Curr. Biol. 5
(1995) 635–642.
[34] M.F. Abad, G. Di Benedetto, P.J. Magalhaes, L. Filippin, T. Pozzan, Mitochondrial pH
monitored by a new engineered green ﬂuorescent protein mutant, J. Biol. Chem.
279 (2004) 11521–11529.
[35] M.W. Ward, A.C. Rego, B.G. Frenguelli, D.G. Nicholls, Mitochondrial membrane
potential and glutamate excitotoxicity in cultured cerebellar granule cells, J.
Neurosci. 20 (2000) 7208–7219.
[36] D.G. Nicholls, Simultaneous monitoring of ionophore- and inhibitor-mediated
plasma and mitochondrial membrane potential changes in cultured neurons, J.
Biol. Chem. 281 (2006) 14864–14874.
[37] L.D. Marroquin, J. Hynes, J.A. Dykens, J.D. Jamieson, Y. Will, Circumventing the
crabtree effect: replacing media glucose with galactose increases susceptibility of
HepG2 cells to mitochondrial toxicants, Toxicol. Sci. 97 (2007) 539–547.
[38] P. Lipp, E. Niggli, Ratiometric confocal Ca(2+)-measurements with visible
wavelength indicators in isolated cardiac myocytes, Cell Calcium 14 (1993)
359–372.
[39] Z. Wu, P. Puigserver, U. Andersson, C. Zhang, G. Adelmant, V. Mootha, A. Troy, S.
Cinti, B. Lowell, R.C. Scarpulla, B.M. Spiegelman, Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic coactivator
PGC-1, Cell 98 (1999) 115–124.
[40] K.A. O'Hagan, S. Cocchiglia, A.V. Zhdanov, M.M. Tambawala, E.P. Cummins, M.
Monfared, T.A. Agbor, J.F. Garvey, D.B. Papkovsky, C.T. Taylor, B.B. Allan, PGC-
1alpha is coupled to HIF-1alpha-dependent gene expression by increasing
mitochondrial oxygen consumption in skeletal muscle cells, Proc. Natl. Acad.
Sci. U. S. A. 106 (2009) 2188–2193.
[41] J.A. Thomas, R.N. Buchsbaum, A. Zimniak, E. Racker, Intracellular pH measure-
ments in Ehrlich ascites tumor cells utilizing spectroscopic probes generated in
situ, Biochemistry 18 (1979) 2210–2218.
1637A.V. Zhdanov et al. / Biochimica et Biophysica Acta 1797 (2010) 1627–1637[42] S.L. Mironov, N. Hartelt, M.V. Ivannikov, Mitochondrial K(ATP) channels in
respiratory neurons and their role in the hypoxic facilitation of rhythmic activity,
Brain Res. 1033 (2005) 20–27.
[43] M.V. Avshalumov, B.T. Chen, T. Koos, J.M. Tepper, M.E. Rice, Endogenous hydrogen
peroxide regulates the excitability of midbrain dopamine neurons via ATP-
sensitive potassium channels, J. Neurosci. 25 (2005) 4222–4231.
[44] J.E. Merritt, W.P. Armstrong, C.D. Benham, T.J. Hallam, R. Jacob, A. Jaxa-Chamiec, B.
K. Leigh, S.A. McCarthy, K.E. Moores, T.J. Rink, SK&F 96365, a novel inhibitor of
receptor-mediated calcium entry, Biochem. J. 271 (1990) 515–522.
[45] K.P. Larsson, H.M. Peltonen, G. Bart, L.M. Louhivuori, A. Penttonen, M. Antikainen,
J.P. Kukkonen, K.E. Akerman, Orexin-A-induced Ca2+ entry: evidence for
involvement of trpc channels and protein kinase C regulation, J. Biol. Chem. 280
(2005) 1771–1781.
[46] A. Ames III, CNS energy metabolism as related to function, Brain Res. Brain Res.
Rev. 34 (2000) 42–68.
[47] F. Hofmann, P. James, T. Vorherr, E. Carafoli, The C-terminal domain of the plasma
membrane Ca2+ pump contains three high afﬁnity Ca2+ binding sites, J. Biol.
Chem. 268 (1993) 10252–10259.
[48] T. Matsuda, K. Takuma, E. Nishiguchi, H. Hashimoto, J. Azuma, A. Baba,
Involvement of Na+–Ca2+ exchanger in reperfusion-induced delayed cell
death of cultured rat astrocytes, Eur. J. Neurosci. 8 (1996) 951–958.
[49] J.G. Duman, L. Chen, B. Hille, Calcium transport mechanisms of PC12 cells, J. Gen.
Physiol. 131 (2008) 307–323.
[50] B. Hille, Ionic Channels of Excitable Membranes, Third ed.Sinauer Associates, MA,
2001.[51] A. Arnon, J.M. Hamlyn, M.P. Blaustein, Na(+) entry via store-operated channels
modulates Ca(2+) signaling in arterial myocytes, Am. J. Physiol. Cell Physiol. 278
(2000) C163–C173.
[52] W.L. Wei, H.S. Sun, M.E. Olah, X. Sun, E. Czerwinska, W. Czerwinski, Y. Mori, B.A.
Orser, Z.G. Xiong, M.F. Jackson, M. Tymianski, J.F. MacDonald, TRPM7 channels in
hippocampal neurons detect levels of extracellular divalent cations, Proc. Natl.
Acad. Sci. U. S. A. 104 (2007) 16323–16328.
[53] M.D. Bootman, T.J. Collins, L. Mackenzie, H.L. Roderick, M.J. Berridge, C.M. Peppiatt,
2-Aminoethoxydiphenyl borate (2-APB) is a reliable blocker of store-operated
Ca2+ entry but an inconsistent inhibitor of InsP3-induced Ca2+ release, FASEB J.
16 (2002) 1145–1150.
[54] X. Jiang, E.W. Newell, L.C. Schlichter, Regulation of a TRPM7-like current in rat
brain microglia, J. Biol. Chem. 278 (2003) 42867–42876.
[55] S.I. Zakharov, D.A. Mongayt, R.A. Cohen, V.M. Bolotina, Monovalent cation and L-
type Ca2+ channels participate in calcium paradox-like phenomenon in rabbit
aortic smooth muscle cells, J. Physiol. 514 (Pt 1) (1999) 71–81.
[56] K. Baysal, G.P. Brierley, S. Novgorodov, D.W. Jung, Regulation of the mitochondrial
Na+/Ca2+ antiport by matrix pH, Arch. Biochem. Biophys. 291 (1991) 383–389.
[57] E.J. Grifﬁths, G.A. Rutter, Mitochondrial calcium as a key regulator of mitochon-
drial ATP production in mammalian cells, Biochim. Biophys. Acta 1787 (2009)
1324–1333.
[58] J.A. Dykens, Y. Will, The signiﬁcance of mitochondrial toxicity testing in drug
development, Drug Discov. Today 12 (2007) 777–785.
[59] C.T. Taylor, Mitochondria and cellular oxygen sensing in the HIF pathway,
Biochem. J. 409 (2008) 19–26.
